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Abstract 
Within the context of a study on the preparation and the characterization of polyurethanes based on suberin, as 
a polyol, and conventional polyisocyanates, it was deemed necessary to carry out a preliminary study on the reactivity 
of the hydroxy functions of suberin. Aliphatic and aromatic mono- and di-isocyanates were tested and the kinetics 
of this system followed the classical second order up to conversions of about 85%. The influence of the steric 
hindrance and the electronic factors, linked to the specific structures of both types of isocyanates, was established. 
0 1997 Elsevier Science B.V. 
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1. Introduction 
Cork from Quercus suber L. is a renewable 
material which has found many industrial applica- 
tions. Its transformation into different commodi- 
ties is accompanied by the inevitable accumula- 
tion of powder or dust-like by-products which are 
usually burned for energy recovery. An alternative 
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use of this fraction calls upon specific treatments 
in order to produce chemicals, such as suberin 
(Pereira, 1988) which is the most abundant com- 
ponent of cork, reaching up to 50% of the dry 
natural product. The chemical structure of 
suberin was first studied in detail by Kolattukudy 
(1978) who examined samples from various vege- 
tal sources and proposed a macromolecular net- 
work containing phenolic groups, long aliphatic 
chains with one or more unsaturations and hy- 
droxy and ester functions. 
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In situ, suberin is therefore insoluble in all 
solvents, but alkaline alcoholysis (Amo et al., 
1981) generates oligomeric C&-CZ6 chains bear- 
ing carboxylic ester and hydroxy moieties (Hol- 
loway, 1972; Agull and Seone, 1981, 1982) and 
of course, phenolic derivatives. To the best of our 
knowledge, the former products have never been 
exploited as macromonomers to elaborate poly- 
meric materials, although some work was carried 
out in the 60’s on the specific use of a minor 
suberin fraction consisting of aliphatic dicar- 
boxylic acids in the synthesis of polyesters 
(Fontan Yanes and Garzon Sanchez, 1961). 
Within the more general context of our research 
interest in the elaboration of novel polymeric 
materials from renewable resources (Gandini, 
1992), we decided to investigate in a more system- 
atic way the possible role of the oligomeric frac- 
tion arising from the alcoholysis of suberin as 
macromonomer. The prevailing structure of these 




The presence of hydroxy groups in this frac- 
tion, hereafter referred to as ‘suberin’, constitutes 
a logical starting point for its utilization as 
macromonomer in the synthesis of polyesters, 
polyethers and polyurethanes by the correspond- 
ing polycondensation reactions with carboxylic 
acids, halides and isocyanates. We started with 
the latter system and this paper reports a first 
kinetic study on the condensation between suberin 
and different mono- and di-isocyanates. 
2. Experimental 
Except for suberin, all the reagents, solvents 
and catalysts used in this work were commercial 
products of the highest purity available. 
The suberin used in this work was obtained by 
alkaline alcoholysis of a sample of high-quality 
reproduction cork from Quercus suber L., kindly 
supplied by the Champcork Company, which was 
ground to 60 mesh size grains. This powder was 
extracted sequentially with dichloromethane, 
ethanol and water and the residue then hy- 
drolyzed with a methanolic NaOH solution 
(Cordeiro et al., 1997). The chloroform-soluble 
fraction of this alcoholysis product was thor- 
oughly characterized by several methods which 
included the determination of the hydroxy index 
by conventional methods. The value of I,, thus 
obtained was checked by taking FTIR spectra of 
reaction mixtures involving the suberin and vari- 
able quantities of phenyl isocyanate, until the 
end-point at which the OH peak disappeared and 
the NC0 peak appeared. The two analytical tech- 
niques gave results which were in agreement 
within f 3%. This point was essential for the 
proper adjustment of the polycondensation stoi- 
chiometry. 
For the uncatalyzed reactions, the isocyanate 
was added to a solution of suberin in pure dry 
tetrahydrofuran (THF). The initial concentration 
of both reagents was always 0.2 M and the stoi- 
chiometric conditions were kept equal to unity, 
viz. [NCO], = [OH],. For the catalyzed reactions, 
a lop2 M solution of the catalyst (dibutyltin 
dilaurate, DBTD) in dry THF was prepared and 
stored in a dry atmosphere. The suberin was 
dissolved in the catalyst solution before the iso- 
cyanate was added under vigorous stirring. The 
resulting solution was quickly poured into an 
FTIR liquid cell and thereafter spectra recorded 
at regular intervals. Between spectra, the cell was 
kept at the desired constant temperature. 
3. Results and discussion 
The experimental data were inspected according 
to various kinetic models. The second-order treat- 
ment proved systematically the most adequate 
way of representing the kinetic features of these 
systems with both mono- and di-isocyanates. 
Thus: 
- d[NCO],‘dt = k,[NCO][OH] 
In our context we always worked with [NCO], = 
[OH],, and therefore: 
- dlNCO]/dt = k,[NCO12 
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Fig. 1. Typical evolution of the NC0 band with reaction time 
for an experiment involving suberin and HMDI. 
which leads to the classical integrated expression: 
l/[NCO] - l/[NCO], = k2t 
If the Lambert-Beer law is applied to the vari- 
ation of the intensity of the NC0 peak around 
2250 cm-’ as a function of the reaction time, the 
following relationship can be written: 
Fig. 2. Second-order plots for the reaction of suberin with 
HMDI in THF/DBTD solution at different temperatures, 
[NCO], = [OH], = 0.2 M. Note the yield at which a positive 
deviation begins. 
(A, - A)/A = k,[NCO]t 
where A stands for optical density. 
The progressive decrease of the FTIR NC0 
peak with time was carefully monitored for each 
reaction, as shown in the typical example of Fig. 
1 and the data thus, acquired processed according 
the second-order criteria discussed above. With 
both model condensations and polymerizations, 
the linearity of the second-order plots was always 
good up to about 55% and reached 90% in some 
cases. In all instances, a deviation was observed at 
higher conversion and this behaviour was more 
pronounced when the reaction temperature was 
increased, as shown in Table 1 and Fig. 2. This 
phenomenon has been reported in the past with 
other polyurethane syntheses (Anzuino et al., 
1975; Hager and Ueberreiter, 1979; Boufi et al., 
1993) and was attributed to an autocatalytic effect 
induced by the urethane functions or, alterna- 
tively, to the consumption of NC0 by side reac- 
tions like the formation of allophanates. 
3.1. Mono-isocyanates and symmetric 
di-isocyanates 
The second-order rate constants for the uncata- 
lyzed stoichiometric reactions between suberin 
Table 1 
Second-order rate constants and activation energies for reactions between suberin and different isocyanates at different temperatures 
in THF/DBTD solution 
o T=23T c LI T=3X 0 A T=WC 70% 
0 
Isocyanates Temperature (“C) IO4 k (l/m01 per s) Domain of validity (%) E, (kJ/mol) 
Phenyl 23 16.3 86 
35 22.8 81 18.7 
45 27.5 55 
MD1 23 16.1 80 
n-butyl 23 5.75 76 
HMDI 23 5.2 70 
35 6.6 60 30.6 
45 12.6 56 
MDI, diphenylmethane diisocyanate; HMDI, hexamethylene diisocyanate. 
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and Ph-NC0 or nBu-NC0 in THF at room 
temperature, were 1.5 lop4 and 0.25 lop4 l/mol 
per s, respectively. The modest reactivity of the 
aliphatic isocyanate compared with that of aro- 
matic homologues is well documented and the 
present quantitative difference agrees with that 
reported in previous studies (Entelis and Nes- 
terov, 1966; Belgacem et al., 1989, 1993). The 
catalyzed reactions gave a smaller difference in 
reactivity, as shown in Table 1. 
(AIN 
3.2. Asymmetric di-isocyanates 
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The kinetic behaviour of asymmetric diiso- 
cyanates was treated according to the competitive 
consecutive second-order model applied by Frost 
and Schwemer (1952) to the saponification of 
diesters and later adapted by Burkus and Eckert 
(1958) to the reaction of toluene 2,4-diisocyanate 
(2,4-TDI). Two rate constants were determined, 
corresponding respectively to the reaction of the 




Fig. 3. Second-order plot for the reaction of 2.4- and 2.6-TDI 
with suberin in THFiDBTD solution. 
seems particularly relevant in the present context, 
because the condensation with a side OH function 
on the suberin chain introduces steric problems 
for the reaction of the second NC0 of 2,6-TDI. 
Thus, our terminology, referring to rate constants, 
can be visualized as follows with the two TDIs: 
- 4A Ildt = MA IPI + MAI[Cl 
- d[B]/dt = k,[A][B] 
2.4.TDI 2.6.TDI 
Whereas 2,4-TDI is an intrinsically asymmmet- It seems logical to use this approach, because 
ric diisocyanate which always displays two dis- the second-order plots of the reaction of both 
tinct rate constants for the reaction of each diisocyanates gave two straight lines with a break 
functional group, 2,6-TDI is symmetric in terms in the slope, as shown in Fig. 3. This break 
of chemical structure, but can become ‘asymmet- occurred at about 50% conversion and indicated 
ric’ after one of its NC0 group has reacted, i.e. that one of the NC0 functions was more reactive 
the formation of the urethane moiety can alter the than the other, irrespective of the TDI used. Table 
reactivity of the remaining NC0 group. This 2 gives the second-order rate constants and the 
Table 2 
Second-order rate constants and slopes of the straight lines for the reactions shown in Fig. 3 
, 
Frost and Schwemer model Graphic data 
lo4 k, lo4 k, k,lk, 1 O4 (k, + kb) Slope 1 Slope 2 l/2 1+2 
2,4 TDI 18.1 2.1 
2,6 TDI 11.1 1.4 
Data are expressed as l/mol per s. 
8.6 20.2 15.3 6.7 2.3 22.0 
7.9 12.5 6.9 3.3 2.1 10.2 
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values of the two slopes, as measured from Fig. 3 
for the reaction of suberin with 2,4- and 2,6-TDI, 
respectively. With both isocyanates, k,/k, turned 
out to be about 8, a figure already reported in the 
literature for the 2,4 isomer (Burkus and Eckert, 
1958; Belgacem et al., 1993). 
Arno, M., Serra, MC. and Seone, E., 1981. Metanolisis de la 
suberina de1 corcho. Identification y estimation de sus 
componentes acidos, coma esteres metilicos. An. Quim., 
77: 82-86. 
The values of slopes 1 and 2, determined graph- 
ically, are not directly related to the individual 
rate constants, which are instead provided by the 
Frost-Schwemer treatment. However, the sum of 
the two slopes must be the same as the sum of k, 
and k,, as was indeed the case here (Table 2). 
Belgacem, M.N., Quillerou, J., Gandini, A., Rivero, J. and 
Roux, G., 1989. Urethanes and polyurethanes bearing 
furan moieties-2. Comparative kinetics of the formation of 
furanic and other monourethanes. Eur. Polym. J., 25: 
1125-1130. 
4. Conclusion 
The results obtained in this kinetic study, in- 
volving both model reactions and polycondensa- 
tions of suberin with isocyanates, showed that the 
former natural macromolecule behaves in a 
straightforward manner in this specific context. 
The fact that no anomalies were detected opens 
the way to an investigation of the macromolecular 
syntheses with a good knowledge of the basic 
features. This work is in progress. 
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